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Abstract

This note describes the selection of the BY — ¢(K+TK™)¢(KTK™) decay channel in LHCb
experiment using data produced in Monte Carlo simulation. We expect about 3.1 k signal events
in 2fb~! of data with an upper limit on the background to signal ratio, B/S < 0.8 at 90% CL.
We also present the sensitivity of this channel to new physics. There are two approaches to
test the Standard Model (SM) using this channel: measure the CP asymmetries in a model-
independent way and compare them with their SM predictions; or simply assume the SM is
valid, measure the total weak phase based on the SM and compare the measurement with the
SM prediction. We adopt the latter for this study. The total weak phase can be measured to a
statistical precision of 0.11 in 2 fb ! of data and 0.05 in 10 fb~! of data. This channel therefore
provides a good opportunity to search for physics beyond the SM with new CP-violating phases.
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1

Introduction and Motivation

The decay B? — ¢¢ is governed by the b — s penguin diagrams shown in Fig. 1 for the Standard
Model (SM). This makes it a very sensitive probe of CP-violating phases in new physics (NP)
beyond the SM.

Figure 1 The lowest order SM diagrams contributing to the decay Bs — ¢¢.

In Bg decays to an admixture of CP eigenstates, such as Bg — ¢¢, CP violation can arise in
the interference between mixing and decay. We first define our notation. The physical B® mass
eigenstates are:

Bir) = p[B%) F q/B") (1)

where the subscripts H and L stand for the “heavy” and the “light” B states which have masses
My 1, and widths I' 7 1. The interplay between mixing and decay is described by the following
relation _

_aAs

A e
! pA¢

2)
where A and A 7 are the decay amplitudes of a BY or B’ meson into a CP eigenstate f, respec-
tively. CP violation in mixing or decay are expected to be negligible in this study, hence we
only consider CP violation in the interference between mixing and decay. This is the case if

=1, =1, arg \s # 0 . 3)

‘9 Ar
p Ag
We define the phase ®y; of B® mixing as the argument of the off-diagonal element M, of the
mixing matrix

My = |M12‘eiq)M . 4)

The weak phase of the amplitude ratio j—; is called ®p. Note that ®y; and ¢, depend on phase
conventions and cannot be measured separately. We find in the literature [1]

. A_f
Ap = de M — 5
£ A (5)
where the £ sign is due to different phase conventions. However the phase of Af is an ob-
servable quantity as the convention dependent terms cancel when combining f—) with the am-

plitude ratio. Hence the CP violating weak phases ¢5(B? — f) = ®m(B?) — p(B? — f) and
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da(BY — f) = ®u(BY) — ®p(BY — f) are observables. For decays like B — JA/K2 and
BY — JAp¢ which are dominated by a tree level b — ccs transition and which have a negligible
weak phase ®p in the decay amplitude ratio, we obtain

MBY s Jhpd) =2 arg(ViiVi) = —2x = —20\° = —0.035

where 77 and A are parameters in the Wolfenstein representation of the CKM matrix. Quantities
with a “SM” superscript refer to their SM values.

In the SM, the CKM mechanism is the only source of flavour mixing and CP violation in the
quark sector. Flavour Changing Neutral Currents (FCNC) are forbidden at tree level, and b — s
quark transitions occur only via loop diagrams. The SM rates for FCNC decays of B mesons are
very rare with typical branching ratios of O(107%). These decays are sensitive to NP beyond the
SM as new particles can enter the b — s penguin loop diagrams. NP could significantly alter
the SM predictions for the b — s decay rate and CP violating asymmetries at experimentally
observable levels. The time-dependent CP asymmetry in a hadronic b — s penguin decay can
be compared with a decay based on a tree diagram which generally is insensitive to NP and
which has the same weak phase. The B-factories measure the CP asymmetry sin 23%// in the
decays B} — ¢K3 and B§ — 7'K3. A value of sin 23%// different from sin 23 measured in B —
JAVKS would signal physics beyond the SM. The current results indicate an intriguing deviation
from the SM as all values are lower than expected. A naive average of several b — s penguin
modes, which in principle should not be done because they may have different strong interaction
corrections that generate different amount of CP asymmetries, indicates a 2.60 discrepancy [2].

This method can also be applied to B! mesons where one can measure the time dependent
CP asymmetry in BY — JAp¢ and B — ¢¢. This will be exploited by LHCb.! New physics
can enter into the B!-B{ mixing diagram and alter the mixing phase from its SM value by a
NP phase ®3F(B?). We use the following NP parameterisation in B? mixing to define the NP
mixing phase ®{"" and amplitude r;

M3, = M5, MrZel N (7)
Thus the total weak phase measured in the time-dependent CP asymmetry of B! — JAp¢ is
¢s(By — Jhoo) = 65" (B — Jag) + @y (BY). (8)

Therefore the decay BY — JA)¢ is very sensitive to new weak phases in BY mixing.

In the hadronic penguin decay BY — @¢ there is a cancellation of the BY mixing and decay
phase in the SM [3]:

0+ 09) = o) = e (n3%) =08
~ 2 arg(ViVy) — arg(Vip, Vi / Vi Vis) = —2x +2x = 0.

where 7y = =£1 are the CP eigenvalues which correspond to the CP-even and odd components
of the decay. The contributions of the v and ¢ quark in the penguin loops have been neglected
here. Thus the total weak phase ¢35 (B?— @¢) is very close to zero. NP particles with extra
CP phases can enter the decay B? — ¢¢ in mixing (box diagram) as well as in the penguin loop
and affect the decay process. Therefore NP will change the mixing and decay phases ®y;(B?)
and ®p(B? — ¢¢) and the total weak phase becomes

8B 60) = 6B 6) + B (BY) — B (B> o) )
= ¢ (BY— 69) + 67" (B — ¢0) ~ ¢ (B{ — 69) .

'LHCb will also be able to measure sin 23¢ff in the decay Bg — ¢)Kg using the large sample of Bg events.

©)
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In general NP will affect B? mixing and the b — s penguin transition differently and we expect
dNT (BY— pg) = ®NF — NP £ 0. Thus any measurement of a non-zero CP asymmetry in
BY — ¢¢ would imply new CP-violating phases in the penguin decay and/or B? mixing and be
a clear NP signal. When combining with the decay BY — JA)¢ we will be able to disentangle
new physics CP contributions in B? mixing and decay.

Table 1 Measurements and predictions for BR(B? — ¢¢). f, and I't/T is the fraction of longitudinal
and transverse polarisation, respectively.

BR[1079] fr I'r/T [%] Comments Reference

Experiment 1418 (stat.) £ 6(syst.) — — [4]

QCD Factorisation 21.811113%-5 4310+8 [5]
19.5F 1 0Hs:! 4810+28 WA from data @

QCD Factorisation 13.1 13.4 see erratum [6]

Naive Factorisation 9.05 11.7 see erratum

NLO EWP ¢ 6.80 13.7 TandP?® [7]
5.20 13.7 T,P and EWP ®

Factorization 0.37—25.1 Range [8]

2 WA stands for “Weak Annhilation”.
b T, P and EWP stand for “Tree”, “Penguin” and “Electroweak Penguin”, respectively.

The branching ratio of the decay B! — ¢¢ has been measured to be
BR(B? — ¢¢) = (14%(stat.) + 6(syst.)) x 107° (11)

by the CDF Collaboration [4]. The SM prediction of this branching ratio suffers from hadronic
uncertainties. Results by various authors using different calculation methods are summarized
in Table 1. We use the central value of the CDF branching ratio measurement for our estimate
of the signal yield in LHCb, but vary it in the sensitivity study to see how it affects the statistical
error of the ¢ measurement.

While many decay processes can be used to probe CP-violating new physics contributions to

b — s penguin transitions, the process B — @¢ has several experimental and theoretical
features which make it a very interesting channel for the LHCb experiment.

e BY — ¢¢ followed by ¢ — KK~ has only charged particles in the final state, which are
easy to reconstruct experimentally;

e BY— ¢(KTK™)@¢(K+K™) has a relatively large visible branching ratio [10]

BR"(B{ = ¢(K"K™)¢(KK™)) =BR(B!— ¢¢) [BR(¢— KTK")J"

=(344+21)x10°° (12)

when compared with other b — s transitions. This advantage also compensates for the four
times smaller fraction f, = 0.104 for a b quark to hadronize into a B meson compared to
BY mesons.

e The LHCb RICH system provides good charged K/7 separation to eliminate the large 7+
background;

e Measurements of the phases and the magnitudes of polarisation amplitudes in B — ¢¢
provide insight into the chiral structure of b-quark flavour-changing neutral currents [5,
11, 12].
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2 Monte Carlo Simulation

This study is based on Monte Carlo events generated using PYTHIA which have been fully
simulated using GEANT4 programs in the LHCb Data Challenge 2004. In total 69 k B? — ¢¢
events are used for the signal study and approximately 34 million inclusive bb events are used
for the background study. The particles of interest, i.e. the signal-b hadron or one of the b-
hadrons in the inclusive bb events, are required to have a true polar angle smaller than 400 mrad.
The sizes of the data samples mentioned above are given after this requirement. The efficiency
of this angular acceptance is € = 34.7% for signal B events and €} = 43.4% for inclusive bb
events.

3 B? — ¢¢ Selection

3.1

Preselection

An event preselection procedure was used as a first step in order to suppress most of the 34 mil-
lion inclusive bb events. This was carried out by employing kinematic and topological criteria.
The preselection is performed by

e Requiring the impact parameter significance of charged kaon candidates with regard to all
primary vertices to be greater than 2;

e Requiring the difference of log-likelihood values between the kaon hypothesis and the
pion hypothesis to be larger than -2 for all charged kaon candidates;

Requiring the invariant mass of the ¢ candidates to be lower than 1050 MeV/c2;

Requiring the x? of the ¢ vertices to be smaller than 100;

Requiring the x? of the BY vertices to be smaller than 36;

Requiring the invariant mass of the BY candidates to be within the range
4 GeV/c%, 7 GeV/c?).

This preselection reduces the amount of inclusive bl_)ievents by a factor of 2100. In total 15839
events are preselected from the 34 million inclusive bb events. 5843 events are preselected from
the 69 k signal events, of which only 8768 have all the four kaons reconstructed.

3.2 Selection Criteria

Using the events that passed the preselection we developed criteria to select efficiently the signal
events while rejecting all the background available for this analysis. This is necessary since the
34 million inclusive bb events corresponds to 13 minutes of data taking only, whereas the signal
sample is equivalent to 4.8 x 10* minutes (33 days) of data taking. No optimisation procedure
has been used to define the selection cuts.

As the signal and background samples correspond to different data taking time periods, all the
background and signal distributions shown in this section are normalized to the same area for
better clarity.
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Figure 2 On the left we show the smallest Pt of the kaons and on the right the mass of the ¢ can-
didates. The signal and inclusive bb distributions are represented by the solid and dashed histograms,
respectively. The applied cuts are indicated by the vertical lines. Also shown is the reduction in number
of events produced by the cuts.
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Figure 3 On the left we show the smallest Pt and on the right the smallest impact parameter signif-
icance of the ¢ candidates. The signal and inclusive bb distributions are represented by the solid and
dashed histograms, respectively. The applied cuts are indicated by the vertical lines. Also shown is the
reduction in number of events produced by the cuts.

In Fig. 2 (left) we show distributions of the smallest transverse momenta Pt of the kaons
both for the signal and the inclusive bb data samples. We require the kaons to satisfy Pp >
400 MeV/c.

The distributions of the reconstructed mass M of the ¢ candidates are shown for both the signal
and inclusive bb samples in Fig. 2 (right). A mass window of AM, = + 20 MeV/c? around
1019.5 MeV/c? is applied and indicated in the plot.

The distributions of the smallest Pt of the ¢ candidates are shown in Fig. 3 (left). We require
Pt > 1.2 GeV/e for all ¢ candidates.

The distributions of the smallest impact parameter siginificance IP /o of the ¢ particles with
regard to primary vertices in signal and inclusive bb events are shown in Fig. 3 (right). We
require IP /o > 2 for all ¢ candidates.

The distributions of B? vertex x2(B?) for both signal and bb events are shown in Fig. 4 (left).
We require x?(B?) < 25.

The distributions of the difference along the z axis Dz (Bg) between the BY decay vertex and the
primary vertex are shown for both signal and bb events in Fig. 4 (right). We require Dz(B?) to
be positive.

The mass window for signal counting is chosen to be AM(BY) = +40 MeV/c?. This is based
on the BY mass resolution obtained from a Gaussian fit to the signal mass distribution shown in
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Figure 4 On the left we show the x? distribution of the B vertex and on the right the distribution of
the signed z distance between the B decay vertex and the primary vertex. The signal and inclusive
bb distributions are represented by the solid and dashed histograms, respectively. The applied cuts are
indicated by the vertical lines. Also shown is the reduction in number of events produced by the cuts.
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Figure 5 On the left we show the B? mass spectrum. The signal and inclusive bb distributions are
represented by the solid and dashed histograms, respectively. The applied cuts are indicated by the
vertical lines. Also shown is the reduction in number of events produced by the cuts. On the right we
show the accepted events inside the broader mass window together with a Gaussian fit to obtain the
mass resolution o,,.

Fig. 5.

In order to increase statistics for the background estimation, a broader mass window is used
for the background data sample. We require AM(B?) + 500 MeV/c? (see Fig. 5). Assuming
the background events are evenly distributed in this mass window, counting bb events in the
broader window is equivalent to increasing the bb sample by a factor of 12.5.

The offline selection is summarized in Table 2.

3.3 Trigger and Tagging Performances

The trigger and tagging [9] algorithms are run on the offline selected events and the results
are shown in Table 3. Notice the signal events are counted inside the tighter mass window and
the inclusive bb in the the broader mass window. We can see that no background event passes
both offline selection and trigger. For completeness we describe the higher level trigger for this
channel in Appendix A.
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Table 2 Summary of the applied cuts in the offline selection and the amount of events left after each cut
is applied.

Number of Events
Applied Cut Signal Sample | Background Sample
Generated 69000 33926781
Preselection 5843 15839
Pr(K) > 400 MeV/c 5531 1055
AM(¢) < 20 MeV/c? 5298 557
Pr(¢) > 1200 MeV/e 5069 292
IP/o(¢) > 2 5053 209
x2(BY) < 25 4868 136
Dz(B?) > 0 mm 4811 66
AM(B?) < 500 MeV/c? - 14
AM(B?) < 40 MeV/c? 4663 -

Table 3 Result of the trigger and tagging algorithms in the events accepted by the offline selection. The
analysis is sequential in a such way that only events accepted by the previous level are considered by
the next one. Note that the mass windows used for the signal and background selections are different.

Number of Events
Selection Signal Inclusive bb
Offline 4663 14
LO 1716 (eo = 0.368 + 0.007) 5
L1 1208 (er,; = 0.704 + 0.011) 4
HLT 870 (egrT = 0.720 £+ 0.013) 0
Tagging 592 (€tag = 0.680 = 0.016) 0
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3.4 Event Yields

The expected number of signal events in a nominal year is given by

Niig = Lint X 0y X 2 X f; X BR™(B] = ¢(KTK™)$(KTK™)) x ey (13)
where Li,; = 2 fb! is the integrated luminosity in 107 s of data taking and oy,5; = 500ub is
the bb production cross section in proton-proton collisions at 14 TeV. The product Liy; X o5 &
1.0 x 10 is the expected number of bb pairs produced in a 2 fb~! data sample. The fraction
f; = 0.104 is the probability of a b quark to hadronize into a BY meson [10] and the factor 2 is
due to the fact that there are always both a b and a b produced in an event. The visible branching
ratio BR"*(B? = ¢(KTK™)p(K*K™)) = (3.4 £ 2.1) x 107% is given in Equ. 12 and €%} is the
total signal efficiency:

tot __ s sel
esig =&y X esig (14)

where €j = 0.347 is the geometrical acceptance for the signal sample, e:% is the total efficiency
for the signal events inside the geometrical acceptance to pass the trigger, reconstruction and
offline selections. Since 870 signal events out of the 69000 signal events generated inside the

acceptance have passed all the trigger and offline selection cuts, we obtain

ey = 870/69000 = 1.26 x 107>, (15)

The expected number of triggered and selected BY — ¢¢ events in 2 fb™! of data is:
Nyig = 3092 £ 105, (16)

where the error is statistical only. Among them 2096 4 86 events will be flavour tagged with a
mistag rate of about 0.3.

The expected number of background events in a nominal year estimated with the inclusive bb
events is given by

Nbli_) == Eint X O'bB X 61};0512 (17)
where the integrated luminosity and the cross section of bb pairs are the same as mentioned
above. The total efficiency for selecting background e is

tot _ _b mass sel
€p = €0 X € X Ep (18)

where 53 = 0.434 is the geometrical acceptance for the inclusive bb sample, and € 1s due

to the difference in the mass windows used for the signal and background selection. This is
defined as the ratio of the sizes of the signal mass window to that of the background mass
window: €% = 40 /500 = 0.08. The total efficiency for the bb events inside the geometrical
acceptance to pass the trigger, reconstruction and offline selections is ei%. Since no bb events
are selected, the upper limit of €52 at 90% confidence level (CL) following Poisson statistics is

bb
€8 =2.3/(33.9 x 10°) = 6.8 x 107° (19)
where 33.9 x 10° is the number of bb events used in the study. This leads to a total yield of

N5 < 2.4 x 10° (20)

at 90% CL for a 2 fb~! data sample. The obtained numbers of signal and background events
can be translated into an upper limit on the background to signal ratio,

B/S < 0.8 Q1)

at 90 % CL.
The background to signal ratio estimated without applying trigger is B/S = 0.86 + 0.23.
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Figure 6 Ratio of the histograms with the proper time between the offline selected events and the
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Figure 7 Distribution of measured proper time of preselected bb events. A fit of the function f(t) =
ce %™ 4 d is performed.

3.5 Proper Time Acceptance Function

In order to obtain the time acceptance function e*(t) that gives the efficiency of measuring a
given proper time t, we plot the ratio of the the histogram of the measured t for the offline
selected events to the histogram of all generated t values in Fig. 6. A fit of the function

at?
CW=51p

to the ratio histogram gives a = 0.084 4= 0.001 and b = (0.027 £ 0.003) ps3.

Because of the stripping, we only have access to the preselected background events, therefore
we use the preselected events to estimate the mean lifetime of background events. We fit a
function of the form f(t) = ¢ x e™*™ + d to the proper time distribution of all preselected bb
events and obtain 7, = (0.54 & 0.01) ps (Fig. 7). The fit shows that the inclusive bb events have
an exponential proper time spectrum with 7 as its mean lifetime.

A fit of the function h(t) = ¢*(t) x e™¥™ to the offline accepted bb events gives a = 10 + 16
andb = (1.2 +£0.7) x 107 ps3.

(22)
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Figure 8 Difference between the measured and the generated proper time in signal events accepted by
the offline and trigger selection. Also shown is a Gaussian fit that gives a resolution of oy = 0.0426 ps.

3.6 Proper Time Resolution

The distribution of the difference between the measured and the generated proper time of the
signal events passing offline selection and trigger is shown in Fig. 8. A Gaussian fit to the
distribution gives oy = (42.6 + 0.6) fs.

4 Sensitivity Study

4.1 Time-dependent Angular Distribution

For decays of BY to a CP eigenstate f, new physics can manifest itself in CP violation in the
inteference between decays with and without mixing, which can be probed by measuring the
time-dependent CP asymmetry

L'[BYt) =] —T[BIt) = f]  Adrcos(Amgt) + .A™>sin(Amgt)

A= T o 0 T o 1] con(Ara2) - Amnaryz

where Amyg and ATy are the mass and width difference between the heavy and light B mesons
mass eigenstates

Ams = MH - ML, AFS = FL - PH . (24)
The CP asymmetries A%, A™* and A2T are
. A2 —1
Adlr — | , 25
T+ P (23)
; QIm)\f
mix — 26
A 1+ A2 (20)
and IRe)
€Af
AAT = 27
e 7)
The quantity Ay is given by B B
q Ay q Ay
A= ot 4t 28
(= oA 77fp A (28)
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Figure 9 Definitions of the decay angles 6, 8> and ¢ for a general B — V; V5 decay, taken from Ref. [5].
In this note we identify B — ¢(K*K " )¢(KTK~) with B — Vi (P P2)V2(Q1Q>).

where 7y = +1 is the CP eigenvalue of the final state f. The quantities A%*, A™* and AAT are
not independent but fulfill the relation

‘Adir|2+ |Amix‘2+ ‘.AAF|2 =1. (29)

In the case of B! — ¢¢, the final state is an admixture of CP even and CP odd eigenstates, just
like in BY — JAp¢. An angular analysis of the decay products B? — ¢(KTK™)¢(KTK™) is
required to disentangle the different CP components. A special feature of B! — ¢¢ compared
to BY — J/ib¢ is that the two ¢ particles are identical so that we need to choose a basis in which
the two K™K pairs from the two ¢’s are treated symmetrically in order to obey Bose statistics.

For a B? meson at ¢ = 0, the time dependent angular distribution of the decay chain B? —
d(KTK™)¢p(KTK™) can be written as

2

Z Hh (t)D}lf,kO(gOlv 917 O)Dtl;,ko((P% 027 O) (30)
h=0,%1

dr'(t)
dcosf;dcostdpdips

where h = 0, +1 denotes the ¢; helicity, which is equal to the ¢, helicity, Hy(t) is the time-
dependent helicity amplitude and the D-function is defined as D7, (av, 8,7) = e~"™dl  (B)e™"™.
As shown in Fig. 9 we define 0;(6,) and ¢1(yp2) as the polar and azimuthal angles of the K*1(
K™5) momentum in the rest frame of their mother ¢;(¢,). The convention used is as follows:
the 2/(2") axis is defined as the direction of the ¢;(¢2) momentum in the rest frame of the BY;
the z'(z") axis is an arbitrarily chosen direction in the plane normal to the z'(z") axis and the z’
and z” axes are defined to be opposite to each other; then the y’ and 3" axes are fixed uniquely.
The angle between the decay planes of the two ¢’s is given by

® =1+ @, (31

and we integrate out o7 — (o.

We replace the helicity amplitudes Ho 1 (t) with the linear polarisation amplitudes A, . (t) in
the transversity basis
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Ag(t) = Ho(t),
AY() = (Hys () + Ho1 (6)/V2, (32)
AL(t) = (Ho (1) - Hoa(6)/V2

We obtain for the differential decay distribution

dr(t
K;(t)f;(6y, 0 33
dcosb, dcosegdgo Z 1,02, ). (33)

The angular functions f;(61, 65, ¢) of Equ. 33 are given by

£1(01, 0o, ©) = 4cos?hcos?0s,
f2(91, 92, QO) = sin291sin202(1 + COSQQD),

f3(91, 92, QO) = sin291sin202(1 — COSQQO),

(34)
£4(01, 0o, ) = —2sin%0;sin%f,sin2¢,
f5(01, 02, ) = \/2sin26,sin20,cosp,
fs(61, 02, ) = —/2sin26,sin26,sinp.
The time-dependent functions K;(¢) of Equ. 33 are defined as
Ki(t) = |Ao(t) ],
Ks(t) = [A ()],
Ks(t) = [AL(t),
(35)

Ka(t) = Im(Aj(t)A (1)),
Ks(t) = Re(A§(t)Ay(t)),
Kg(t) = Zm(Aj(t)AL(t)).

The most general form of the K;(t) functions requires different \; terms for different polarisa-
tion and thus the functions become complicated. In the SM all the three polarisation states can
be very well parameterised using one common complex factor A ;. Then the K;(t) functions can
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be written as

Ki(t) = 3A3[(1+ cosgs)e™ ™t + (1 — cosgs)e " + 2e~"s*sin(Amgt)sing]
Ko(t) = 3AT [(1+ cosps)e ™ + (1 — cosgs)e 1 + 2 "s'sin(Amgt)sings ],
K3(t) = 2A2 [(1— cosgs)e™ 't + (1 4 cosgs)e Tt — 2e Te'sin(Amgt)sing],
Ki(t) = |A)||AL|[e s {sind;cos(Amgt) — cosdisin(Amgt)cosds}
—1 (e7tut — 711 cosdysings], (36)
Ks(t) = 3[Aol|Ay[cos(dz — d1)
[(1+ cosgs)e Tit + (1 — cosgs)e Tt + 2e Tetsin(Amgt)singy),
Kg(t) = |Ag||AL|[e7T*t{sindycos(Amgt) — cosdysin(Amgt)coses}

—1 (e7!'mt — e~ cosdysing]

where ¢ = ¢5(B?— ¢¢) is the total weak phase. The strong phases §; and &, are predicted by
QCD factorisation to be [13]:

01 =arg(AL/A)) =0,

37
dy =arg(A /Ag) =7 7

These values are used for the purpose of simulating the sensitivity. But we will determine these
phases from the angular analysis and not rely on the QCD factorisation values. The normalisa-
tion condition is |[Ag|* + [A|? + [A > = 1.

The time-dependent angular distribution for a BY meson at ¢ = 0 can be obtained by reversing
the sign of the terms proportional to sin(Amg) or cos(Ams) in the K;(t) functions.

4.2 New Physics Search Strategy

We aim for a null test of the SM instead of measurements of the magnitudes and phases of the
NP contributions to the decay amplitudes, which can only be done in some specific models with
certain constraints to relate the NP magnitudes and phases, because in general the number of
unknowns exceeds the number of observables [14].

A general way of testing the SM using BY — ¢¢ is to measure A%F, A and A2 for each
linear polarisation 1 = 0, || or L without using any parameterization of NP 2. These quantities

2In Ref.[14] 18 physical observables can be extracted from the time dependent decay rates. The CP asymmetries are the most interesting
ones.
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can be directly compared with their SM predictions

A?IT,SM g O,
AP = pisin(g5M) 22 0, (38)

ABRTSM = cog(gSM) < 1.

These model-independent observables also provide the possibility to obtain or constrain NP
model parameters in different models without re-analyses of the experimental data. This method
will be a natural choice for the exploitation of the real data. But in this study a different and intu-
itive method is used to avoid the inconvenience of quoting experimental errors and covariances
for the nine CP asymmetries in Equ. 38, out of which six are independent.

Unlike the SM case, in principle ¢ can be different for the three polarisation states when NP is
concerned [15, 14]. We simply assume that the SM is valid so that ¢y is polarisation independent

(bs(o) = ¢s(||) = QSS(J_) (39)
and look for a deviation of ¢4 from its SM prediction.

As pointed out in [14, 15], the relation (39) can be violated if SM contributions and NP con-
tributions to the decay amplitudes have different strong phases due to final state rescattering.
This means we should check the consistency of the assumption (39) with data when we use it
to measure a unique total weak phase.

The method for a null test of the SM consists of three steps:

1. perform a unbinned maximum likelihood fit to determine the total weak phase ¢;

2. perform a goodness-of-fit test to see if the likelihood function based on Equ. 39 is consis-
tent with data or not;

3. compare the measured ¢gswith its SM prediction.

If the goodness-of-fit test fails, the SM is not necessarily rejected unless other possibility of
wrong modelling is excluded. In the inconclusive case we need to use the general method de-
scribed at the beginning of 4.2. To obtain the goodness-of-fit after the unbinned maximum
likelihood fit, we can simply bin the data and construct a x? statistic for Poisson distributed
data. The x? value is a measure of consistency between the used model and data.

If the goodness-of-fit test is passed, then we can proceed to the null test of the SM using ¢4 as
a test statistic. The null hypothesis is ¢ = 0. Failing this test implies NP with new CP phases.

4.3 Fast Monte Carlo Simulations

We perform a fast Monte Carlo simulation to estimate the statistical error of the measurement of
the total weak phase ¢ using as input the signal yield, B/S, proper time acceptance functions
and resolutions from the full simulation described in Section 3. This is done in the following
steps :

e describe the distribution of the decay variables with a probability density function (PDF);
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e generate Monte Carlo events according to this PDF;
o fit a PDF with the same form but free parameters to the generated data;
e repeat the above two steps (called an experiment) large number of times;

e estimate statistical errors of the fit parameters from the distributions of the differences
between the input values and the fitted values.

The total PDF p;; for all distributions can be written as

Ptot = (1 - fb)psig + fbpbg (40)

where pgi; denotes the total signal PDF, py, denotes the total background PDF and f;, denotes
the fraction of background events in the event sample.

Both the signal PDF and the background PDF have the form

Psig(bg) = 6?ign(bg) (t) X pgi]g(bg) (ta COSHl, C05027 s Icat) X p;rilg(sgg) (mBg), (41)
where €*(t) is the efficiency as a function of the reconstructed proper time (usually called
proper time acceptance function), I,; denotes tagged Bl-flavour which can take values +1, 0,
-1 (corresponding to tagged as B, untagged, tagged as B?), p?P(t, cosf, cosba, , Iea) is the
time-dependent angular distribution and p™***(mpo) is the distribution of the reconstructed B?
mass, denoted as mpo.

To take into account the effect of the mistag rate w, we simply multiply the terms propor-
tional to sin(Ams) or cos(Am) in the K;(t) functions defined in Equ. 36, with a coefficient
((1 — 2w) x Lyt ). Using the amended K;(t) functions, Equ. 33 gives the flavour-tagged time-
dependent angular distribution pZ?gg (t, cosb, cosby, , Icat ). The function pgig (t, cosBy, cosby, @, Ieat)
is a convolution of the PDF p:‘g(t, cosby, cosby, o, 1.,;) with a Gaussian distribution of the
proper time with mean O and width 42 fs. The function pggSS(mBg) is a Gaussian distribution

of the reconstructed B? mass centered at the nominal BY mass and with width 12 MeV/c?.

pﬁ]g) (t, cosby, cosbay, , Icay) is constant with regard to (cosby, cosba, ¢, I.,;) and has an exponen-
tial dependence on time: py (t, cosfy, costly, ) o e~ 8", T is found to be 1.85 ps~ in the
full simulation. py**(mpy) is a flat distribution.

The acceptance function for both signal and background has the form

t3

A

; t _ 42
651g(bg)( ) X bsig(bg) + t3 ( )

The parameters and their input values used in the study are’

e number of signal events: 4 k, corresponding to 2.6 fb~! of data;
e B/S: 0.9;

o ¢:0.2;

o Ri =[A2/(JAof> + [A)? + |AL[?): 0.25;

3Some input numbers used for the sensitivity study are not exactly the same as those described in the previous section as the event preselec-
tion study evolves but the changes may not be reflected in the sensitivity study. We will show how the statistical error of ¢s depends on input
values of parameters such as B(s) — ¢¢ branching ratio. Compared with the experimental error of Bg — ¢¢ branching ratio, uncertainties of
other input parameters are expected to have much smaller effects on our fast simulation results.
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o Ry = [A)12/(JAo* + [A)* + |AL[*): 0.25;
o 6y = arg(A /A)): 0;

by = arg(A 1 /Ag): T;

[y = Ty +T'g)/2:0.67 ps™t;

AT /Ts = (T, — T'y)/T: 0.15;

Amg: 17.0 ps1;

signal proper time acceptance parameter bg;,: 0.027 ps®;

background proper time acceptance parameter bpg: 1.2 x 107* ps?;

e background lifetime parameter 7y,4: 0.54 ps;
e proper time resolution: 42 fs;

e BY mass resolution: 12 MeV/c?;

tagging efficiency 0.6;

mistag rate 0.3.

In the fit ¢, B/S, R1, Ry, 01, 02, [y and AL /Ts are free parameters. The range of ¢ is
chosen in a way to ignore the ambiguity caused by 'y < I'y, 61 = 7w — d1, 0o = 7 — d5 and

Gs = T — 5.

4.4 Sensitivity

We performed 500 toy experiments with ¢"P* = (.20 and obtained a statistical error o(¢s) = 0.100
using a Gaussian fit to the distribution of ¢fi* (Fig. 10). The corresponding pull distribution is
also shown.

The distribution of Rf for Rifpm = 0.25 and the pull distribution of R | are shown in Fig. 11.
The statistical error on R is 0.012.

The distribution of Rﬂ‘t for Rifpm = 0.25 and the pull distribution of Ry are shown in Fig. 12.
The statistical error on Ry is 6.014.

A Gaussian fit is applied to the pull distribution of ¢, R and R respectively. In all the three
cases the fit result shows a mean value consistent with zero and a width consistent with one.

The dependence of o (¢s) on ¢, AL's/T's, R1, Ryj, 01,02, o(t), o(mpo), B/S and BR(B] — ¢¢)
are shown in Table 4. It can be seen that o (¢;) strongly depends on BR(B? — ¢¢) and slightly
depends on AT';/T', but is not correlated with the other parameters.

The above results correspond to 2.6 fb~! of data. Scaling to nominal luminosities gives o (¢s) =
0.11 for 2 fb™! of data and o(¢s) = 0.05 for 10 fb™! of data.
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5 Conclusions

The hadronic b — s penguin decay BY — ¢¢ is very sensitive to NP with extra CP phases.
The event selection of this channel is described in this note. About 3.1 k events are expected in
2 fb~! of data with B/S < 0.8 at 90% CL. Assuming the SM is valid, the total weak phase
¢s can be measured with precision of o(¢s) = 0.11 using 2 fb~! of data. A measurement of
¢s significantly different from zero would imply new CP-violating phases in the penguin decay
and/or BY mixing and be a clear signal of NP. After about 5 years of data taking, LHCb is
expected to accumulate a data sample of 10 fb~! which will give a statistical uncertainty of
o(¢s) = 0.05.
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Table 4 Dependence of o(¢s) on various parameters with 2.6 fb~! of data.

Dependence of o (¢s) on ¢

s

-0.2

0

0.2 0.4

o(ps)

0.107

0.098

0.100 | 0.092

Dependence of o(¢s) on AT's /T

AT, /T,

0.05

0.15 | 0.25

o (¢s)

0.107

0.100 | 0.085

Dependence of o(¢s) on R

R,

0.15

0.25

0.35

o (¢s)

0.101

0.100

0.097

Dependence of o(¢s) on R

R

0.15

0.25

0.35

o(ps)

0.104

0.100

0.100

Dependence of o(¢s) on 41, b2

517 62

/4,37 /4

0, 0,m/2

o (¢s)

0.099

0.100 | 0.100

Dependence of o(¢s) on o (t)

a(t)

34 fs

42 fs

50 fs

o(ps)

0.092

0.100

0.105

Dependence of o (¢s) on o(mpo)

9 MeV/c?

12 MeV/e? | 15 MeV/c?

0.094

0.100 0.1

04

Dependence of o(¢s) on B/S

B/S

0.5

0.9

2.0 5.0

o (¢s)

0.098

0.100

0.106 | 0.126

Dependence of o (¢s) on BR(B? — ¢¢)

BR(BJ — ¢¢) (10~°)

0.35 | 0.7

1.4

2.1

o(ps)

0.22 | 0.143

0.100

0.080
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APPENDIX

A High Level Trigger Criteria for B! — ¢¢

The following critera are used to select K* candidates:

e Transverse momentum Py > 300 MeV/c;
e Momentum P > 2000 MeV/c;

e Impact parametr significance IP /o > 2 with regard to all primary vertices.
The following critera are used to select ¢ — KK~ candidates:

e [M(KTK™) — M(9)| < 20 MeV/c* where M(¢) is the nominal mass of ¢;
e Vertex x? < 49.

The following critera are used to select B — ¢¢ candidates:

IM(¢pp) — M(B?)| < 500 MeV/c? where M(B?) is the nominal mass of B?;
Vertex x? < 49;

F > 1 mmand F/or > 6 where F is the flight distance with regard to the primary vertex to
which the B? candidate has the smallest impact parameter significance and o is its error;

Impact parametr significance IP /o < 6 with regard to all primary vertices;

cos(f) > 0.9995 where 6 is the angle between the momentum direction and the flight
direction of the B candidate.
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